1. Introduction
Overview
[2] One of the major science objectives of the Mars Global Surveyor Thermal Emission Spectrometer (MGS-TES) investigation is to map the mineralogy of surface soils and rocks [Christensen et al., 1992 , in order to improve understanding of Martian crust and mantle composition and evolution, and surface weathering. To address this objective, methods were developed for removing atmospheric components from TES spectra Smith et al., 2000a; Ruff and Christensen, 2002; Bandfield and Smith, 2003] and measuring global variations in surface mineralogy and spectral response Bandfield, 2002; Rogers and Christensen, 2003] . Plagioclase feldspar was found to be a major component of almost all Martian dark regions Bandfield, 2002] , and potentially a component of the globally homogeneous surface dust [Ruff and Christensen, 2002; Bandfield and Smith, 2003] . As has been determined with VIS/NIR observations [e.g., Adams, 1968; McCord et al., 1978; Singer, 1982; Soderblom,1992; Erard et al., 1990; Bell et al., 1997; Mustard et al., 1997; Bibring et al., 2005; Mustard et al., 2005] , pyroxenes were also found to be a significant mineral phase for most Martian low-albedo regions, whereas olivine and sheet silicates were not found in abundance [Soderblom, 1992; Bandfield et al., 2000b; Christensen et al., 2000a; Bandfield, 2002] .
[3] From TES-derived global mineral maps [Bandfield, 2002 [Bandfield, , 2003 , it is apparent that there are variations in the mineral assemblages from dark regions. Plagioclase is found in significant concentrations in all low-albedo regions, whereas high-Ca clinopyroxenes are largely confined to low-albedo regions in the southern highlands [Bandfield, 2002; Rogers and Christensen, 2003] . Primary high-silica volcanic glasses are similar in spectral character to some sheet silicates [Bandfield, 2002; Wyatt and McSween, 2002] secondary amorphous silica [e.g., Wyatt and McSween, 2002; Kraft et al., 2003] , zeolites [Ruff, 2004] , and poorly crystalline aluminosilicates in weathering rinds [Kraft et al., 2005; Michalski et al., 2005a] . These ''high-silica phases,'' with an implied Si/O > $0.35 [Michalski et al., 2005b] , are found scattered throughout all low-albedo regions at $15 -20%, with the highest concentrations in Acidalia Planitia and the north polar sand dunes [Bandfield, 2002; Bandfield et al., 2002] .
[4] Finally, Bandfield et al. [2000b] determined that the spectral response from Martian low-albedo regions could generally be grouped into two classes: Surface Type 1, which is largely confined to the southern highlands, with a few isolated exceptions in the northern lowlands [Rogers and Christensen, 2003] , and Surface Type 2, which is primarily concentrated in the northern lowlands, but also has significant concentrations scattered throughout the southern highlands. Surface Type 1 has been interpreted as basalt to basaltic andesite Christensen et al., 2000a; Hamilton et al., 2001; Wyatt and McSween, 2002] , whereas Surface Type 2 has been interpreted as basaltic andesite to andesite Hamilton et al., 2001 Hamilton et al., , 2003a McSween et al., 2003] or altered basalt [Wyatt and McSween, 2002; Morris et al., 2003; Kraft et al., 2003; Michalski et al., 2005b] .
Objective and Motivation for This Study
[5] At a spatial resolution of 1 pixel-per-degree (ppd), Bandfield et al. [2000b] found that all low-albedo regions may be modeled with RMS errors < $0.5% using only Surface Types 1 and 2 and hematite, indicating that there are no regions of extreme spectral differences from these endmembers, such as those that would be caused by a large exposure of silicic crustal rocks or sediments, clays or carbonate. However, if small but geologically significant differences in the characteristic mineralogy of Surface Types 1 and 2 are present, for example a 10% increase in pyroxene abundance, RMS errors below 0.5% can be maintained.
[6] Several detailed analyses of some low-albedo regions have identified local occurrences of mineralogies unique from Surface Types 1 and 2, such as olivine basalts Hamilton et al., 2003b; Hoefen et al., 2003; Bibring et al., 2005; Christensen et al., 2005; Hamilton and Christensen, 2005; Mustard et al., 2005; Rogers et al., 2005] and quartz-rich terrains [Bandfield et al., 2004] . In addition, larger regions have been shown to have subtle spectral differences from the global endmembers, including Solis Planum [Bandfield, 2002] , Ares Vallis [Rogers et al., 2005] , and Aram Chaos [Glotch and Christensen, 2005] . Locations within Ares Vallis and Aram Chaos are modeled better with a set of mineral spectra than with only the global end-members, suggesting that they may differ in primary mineralogy or alteration history from areas that exhibit the typical spectral character of Surface Types 1 and 2.
[7] In addition to the motivation listed above, there are other reasons to reexamine the surface emissivity from Martian low-albedo regions. Since the initial work of Bandfield et al. [2000b] , the ASU mineral library has been updated to include spectral data from 220 -2000 cm À1 , providing nine more spectral channels (from $300 -400 cm
À1
) at 10 cm À1 sampling available for TES data analysis. Second, additional orbits are available for use, between $3100 and 5317. Beginning around orbit 5317, spacecraft-induced spectral artifacts become more common in the TES data [Bandfield, 2002; Hamilton et al., 2003b] . The primary benefit of having these extra $2200 orbits is additional spatial coverage in the southern hemisphere during the southern summer. Finally, additional library spectra are now available, including spectra from an olivine solid-solution series [Hamilton and Schneider, 2005] , Si-K glass and SiO 2 glass , opaline materials , smectites [Michalski et al., 2005b] , shocked feldspars [Johnson et al., 2002a] and a globally uniform surface dust end-member . Note that the increased spectral range, additional orbits, and some of these new spectra were included in the mineral mapping study of Bandfield [2002] .
[8] This study builds on the previous work of Bandfield et al. [2000b] by refining the distributions of pure Type 1 and 2 surfaces and reporting regional spectral deviations from these two types. Where possible, multiple surfaceatmosphere separation techniques are used to validate the surface emissivity variations derived in this work, therefore a review of previously developed methods is provided (section 2.2). Finally, the primary surface-atmosphere separation method used in this work is linear deconvolution [e.g., Smith et al., 2000a] . In section 3, atmospheric and surface characteristics that affect the derivation of surface emissivity using that method are examined in detail.
[9] In summary, the major components of this work are: (1) a reexamination of low-albedo regions to define regional surface types; (2) detailed global mapping of the subtle variations in spectral character; and (3) a review of TES surface-atmosphere separation techniques and in particular, the linear deconvolution technique. Derivation and discussion of surface mineralogy and geologic context are provided in a companion paper [Rogers and Christensen, 2007] (hereinafter referred to as Paper 2).
Background

TES Instrument Description
[10] The TES instrument consists of a Fourier-transform Michelson infrared interferometric spectrometer, and coaligned visible/near-infrared and thermal infrared radiometers. The spectrometer is used to obtain IR radiance spectra at a selectable spectral sampling of 5 or 10 cm À1 between 1650 and 200 cm À1 (5.8 to 50 mm) [Christensen et al., 2001] . The broadband radiometers are used to measure bolometric visible/near-infrared reflectance (0.3 -2.9 mm, albedo) and thermal radiance (5.1 to >100 mm) of the surface. The six detectors for each of the three instrument components are arranged in a 3 Â 2 array, and each have a spatial footprint of 3 Â $8 km (cross-track by along-track dimensions) from the MGS mapping phase altitude of 378 km . TES hyperspectral radiance spectra are converted to effective emissivity spectra (also referred to as ''equivalent emissivity'' [e.g., Bandfield et al., 2004] or ''apparent emissivity'' [e.g., Ruff and Christensen, 2002] ) using the method described by Christensen [1998] .
2.2. Review of TES Surface-Atmosphere Separation Techniques 2.2.1. Multiple Emission Angle Surface-Atmosphere Separation
[11] TES spectra of Mars contain atmospheric and surface contributions to the observed radiance. One of the TES observing strategies to separate these contributions is to acquire spectra from the same surface at varying emission angles (referred to as EPF, for emission phase function) Bandfield and Smith, 2003] . This requires movement of the TES pointing mirror to the forward, nadir, and aft direction as the Mars Global Sur-veyor spacecraft crosses over the surface of interest. Using this technique, surface emissivity may be well-constrained through a set of 3 -20 same-surface observations where only the atmospheric path length is varying. The advantages are that (1) no assumptions about the surface emissivity or the spectral shape of atmospheric components are required, (2) subtle surface emissivity features from high-albedo regions may be derived, and (3) surface emissivity may be derived over an increased spectral range . The major disadvantage is that special observation strategies are required and so this technique cannot be applied globally. In addition, the presence of water ice in the EPF measurement may adversely affect the derived surface emissivity. Finally, the EPF method assumes that the surface of interest is uniform in composition; any variability could introduce error in the surface-atmosphere separation calculation ]. On Mars, many low-albedo regions are likely to be heterogeneous in composition and/or temperature at the scale of the EPF observation footprint, whereas bright regions are usually homogeneous. As a result, this technique is best used for determination of high-albedo region surface emissivity . The surface emissivity of Martian high-albedo surfaces has been well constrained using the EPF method, and was shown to be relatively constant within high-albedo regions . Confirmation of this spectral shape was determined from the Martian surface at both the MER Spirit and Opportunity landing sites with the Mini-TES instrument [Christensen et al., 2004a [Christensen et al., , 2004b . In this work we refer to the average high-albedo surface emissivity spectrum of Bandfield and Smith [2003] as ''EPF surface dust.'' 2.2.2. Linear Deconvolution
[12] The linear deconvolution method described by Bandfield et al. [2000b] and Smith et al. [2000a] uses a spectral library of potential surface end-members, atmospheric end-members Bandfield, 2002] , and a blackbody spectrum to obtain a linear least squares fit to the measured TES effective emissivity spectrum. The atmospheric component spectra are scaled according to their modeled concentrations and removed from the measured spectrum to produce a surface-only emissivity spectrum. Negative concentrations of atmospheric components are allowed to account for measured spectra with atmospheric conditions (example: lower opacities) beyond those spanned by the atmospheric end-members [Bandfield, 2002] . The linear deconvolution atmosphere removal technique can be applied on a spectrum-byspectrum basis or on binned spectral emissivity data, because atmospheric components combine in an approximately linear fashion (excluding spectra taken of surfaces <$240K or during periods of high atmospheric dust or water ice loadings) Bandfield, 2002] . Finally, no special observing strategies are required. The disadvantages are that (1) the actual surface components must be present in the spectral library and (2) the derived surface shape could contain small residual atmospheric absorptions or false surface emissivity features due to minor overcorrection or undercorrection for a particular atmospheric component. Potential causes for these overcorrections or undercorrections and suggestions for minimizing these errors are given in section 3.
[13] The linear deconvolution algorithm returns the modeled spectrum, atmosphere-removed surface emissivity and modeled surface spectrum, a set of end-member and blackbody concentrations, and RMS (root-mean-square) error. Interpretation of spatial variation in end-member concentrations and RMS error requires consideration of spatial variations in surface spectral contrast, described below.
[14] The best way to evaluate the model fit is to compare the modeled emissivity spectrum to the measured spectrum [e.g., Gillespie, 1992; Ramsey and Christensen, 1998 ]. Visual inspection of the spectra for features that are not well-modeled gives some indication of missing components from the spectral library [Ramsey and Christensen, 1998 ]. This modeled-measured difference for a spectrum with (m) number of channels may also be represented as a single value using an RMS error calculation [Ramsey and Christensen, 1998 ],
[15] RMS error is a useful parameter for spatial comparison of quality-of-fit Bandfield, 2002; Hamilton et al., 2003b] . However, spatial comparisons of RMS error can be misleading if relative differences in spectral contrast are not considered [e.g., Koeppen and Hamilton, 2005] . Linear least squares fitting of two spectra that have identical shapes but a difference in magnitude of spectral feature depth would yield identical normalized modal mineralogy results and modeled emissivity, however the calculated RMS error value would be higher for the spectrum with deeper features.
[16] The original surface and atmosphere concentrations output from the model are not normalized for blackbody and are representative of the percentage of each endmember that contributes to the modeled spectrum [e.g., Hamilton et al., 2003b] . Concentration values are best for determining the significance of the contribution of each end-member to the measured spectrum; however, one disadvantage to interpreting concentrations is that two surfaces of slightly different spectral contrast but identical mineralogy would show apparent differences in mineral quantity. For true spatial comparisons of modal mineralogy between these surfaces, the concentrations can be converted to ''abundance'' [Hamilton et al., 2003b] by normalizing surface spectral concentrations for blackbody and atmospheric concentrations. In converting concentration values to abundance, values that may have been below the estimated detection limit (0.10 [Bandfield, 2002] ) will be inflated. Thus, for cases where the surface component has a relatively low contribution to the measured spectrum (i.e., surfaces with low spectral contrast), abundances should be interpreted with caution.
Spectral Ratios
[17] Spectra from surfaces of differing spectral contrast that are near each other both in elevation and lateral distance may be ratioed to cancel atmospheric components and produce a ratio -surface spectrum [e.g., McCord, 1969; McCord and Westphal, 1971; Pollack et al., 1990; Moersch et al., 1997; Hoefen et al., 2003; Johnson et al., 2002b; Ruff and Christensen, 2002; Mustard et al., 2005] . If properly applied, the advantage of this technique is the lack of residual atmospheric features in the derived ratio spectrum. However, the disadvantage is that very specific conditions are required: the two spectra used in the ratio must (1) be from the same orbit, (2) be from surfaces that are proximal to each other in spatial distance and elevation, (3) have no small-scale variation in atmospheric dust or water ice, and (4) be from surfaces that are similar in temperature [Johnson et al., 2002b; Ruff and Christensen, 2002] . Finally, ratio spectra can be difficult to interpret, because features from both surfaces will be present in the ratio. However, if one of the surfaces is spectrally grey and near-unity emissivity, as is nearly the case for dust-covered (high-albedo) surfaces between $200-1300 cm
À1
, the ratio spectrum should be dominated by features of the lower albedo surface. Although there are features present in spectra from dust-covered surfaces within this wavelength region [Ruff and Christensen, 2002; Bandfield and Smith, 2003] , they are small in magnitude relative to spectral features from coarse-particulate surfaces and therefore a ratio spectrum of high-and lowalbedo surfaces may be used to determine, to first order, a surface emissivity shape.
Radiative Transfer
[18] The radiative transfer method is essentially a ''boot-strap'' technique where dust, water ice, and surface spectral shapes are successively derived. TES radiance spectra are first converted to opacity spectra [Smith et al., 2000b] . The average dust opacity spectrum is derived from a small, high-albedo region that is known to have infrequent water ice cloud occurrence. Next, to find the water ice spectral shape, spectra are selected from a highalbedo, typically cloudy region. The dust and water ice mixing coefficient is determined and the water ice spectral shape is derived. Finally, the surface opacity spectral shape from the low-albedo region of interest is derived in a similar manner to that used for water ice, and converted to surface emissivity. A detailed description of the radiative transfer method is given by Smith et al. [2000a] .
Factor Analysis and Target Transformation
[19] The factor analysis and target transformation method Smith et al., 2000a] uses a set of several hundred to thousands of mixed spectra that contain independently varying components. Applied to the TES spectra, the varying components are atmospheric dust, water ice, surface emissivity, and in some cases, surface phases or assemblages that vary independently of the average background surface emissivity, such as hematite Christensen et al., 2000c; Glotch et al., 2004] . Factor analysis is used to determine the number of independently varying components present in the set of mixed spectra. The target transformation step takes the minimum number of eigenvectors required to reconstruct the original set of mixed spectra to within the noise, and applies a linear least squares fit to a trial spectrum. The trial spectrum is a best guess of one of the independently varying components. If the trial spectrum is fit well by the eigenvectors, then that trial spectrum is potentially one of the spectral end-members present in the data. If the trial spectrum is not well fit by the eigenvectors, the best fit spectrum is commonly a close approximation of the actual end-member. The correct endmember may be recovered by inspection of all of the best fit spectra for the trial spectrum and isolating linearly independent end-members from recurrent best fit spectra. The disadvantage of this technique is that usually several hundred spectra are needed; however, this technique could be useful for deriving a surface spectral shape from slightly higher-albedo regions or to confirm linear deconvolutionderived surface emissivity. In addition, it may be used to identify an independently varying component within a given region. [2000b] examined spectra from individual orbits over 25 low-albedo regions. For each orbit, surface emissivity spectra were retrieved using the linear deconvolution method. Data used to derive these spectra were constrained on dust opacity <0.3, ice opacity <0.1, TES albedo <0.15 and surface temperatures > 270 K. Upon examination of the average surface spectra from each dark region, Bandfield et al. [2000b] determined that the spectra could be divided into two end-member classes, Surface Types 1 and 2. Global average end-members that represent each of those classes were produced by averaging four to seven of the 25 average dark region spectra. Other dark region spectra were averaged and classified as intermediate between the two end-members. Bandfield et al. [2000b] derived modal mineralogies for each of the two surface types using the linear deconvolution method [e.g., Ramsey and Christensen, 1998 ]. The global distributions of these average surface shapes were determined by adding these to an end-member set with target transformationderived Meridiani hematite [Christensen et al., 2000c] , and four previously isolated atmospheric spectral shapes , and deconvolving $10 7 individual TES spectra. The output was a database of surface type concentrations and RMS error, which were then binned and mapped at a spatial resolution of one pixel-per-degree.
Mineral Mapping
[21] A second method of displaying global surface composition is to derive mineral maps. Bandfield [2002 Bandfield [ , 2003 derived mineral concentration maps using a data reduction strategy of first binning effective emissivity spectra and then applying the linear deconvolution algorithm to each average spectrum. Bandfield [2002 Bandfield [ , 2003 used a library of potential surface spectral components (minerals , glasses and EPF surface dust [Bandfield, 2003; Bandfield and Smith, 2003] ), previously isolated atmospheric dust and water ice end-members , synthetic atmospheric water vapor and CO 2 [Bandfield, 2002] , and blackbody. Note that mineral concentration maps were intentionally not renormalized to 100% after removal of blackbody and atmospheric concentrations, because unnormalized concentrations more appropriately reflect the true contribution of each mineral spectrum to the modeled TES spectrum. Therefore interpretation of these maps in terms of relative mineral abundance is not straightforward, and spectral contrast of the surface (or amount of blackbody contribution to the spectrum) should be taken into consideration when comparing mineral concentrations above the detection limit from region to region (section 2.2.2). 
Summary
[22] In summary, several techniques are available for separating atmospheric and surface components in TES data. Some techniques are better suited for determining surface emissivity of bright regions, whereas others are better suited for dark regions. The type of technique chosen for use requires consideration of the nature of the surface of interest, and also the scale of the study (e.g., global, local).
Where possible, multiple techniques should be used to build confidence in the derived surface emissivity spectrum. The focus of this work is to determine the surface emissivity and mineralogy of low-albedo regions, at a global scale. Therefore we primarily use the linear deconvolution surfaceatmosphere separation strategy. Spectral ratios are also used to corroborate surface emissivity shapes derived using the deconvolution method, where possible. Potential influences on derived surface emissivity from various atmospheric and surface conditions when using the linear deconvolution method are examined in section 3.0.
[23] Two global mapping strategies were discussed above. In one, low-albedo regions were classified into two groups by their characteristic surface emissivity, and mineralogy was determined from the two average spectral shapes. Concentrations of each of these end-members were derived from deconvolving millions of individual TES spectra, and the distributions of these concentrations were globally mapped. In the second method, millions of TES spectra were first binned at a resolution of one pixel-perdegree, then a library of mineral and atmospheric spectra were used to model the binned TES spectra. In this work we use aspects of both techniques (section 4).
Influences on Surface Emissivity Derivation
[24] Linear deconvolution is the primary technique used in this work. Here we examine the accuracy of surfaceatmosphere separation where using the linear deconvolution method (1) under various levels of contribution from atmospheric dust and water ice, (2) with negative atmospheric end-member concentrations allowed and not allowed, and (3) over surfaces with low spectral contrast. Examples from every combination of conditions and a quantitative assessment of uncertainty are not practical and therefore not provided here. Instead, only a demonstration of the general trends and degree of influence on derived surface emissivity from these effects are presented.
Excessive Atmospheric Dust and Water Ice
[25] Data selection criteria for previous composition maps derived using TES data were purposefully inclusive, in terms of atmospheric component contributions, in order to maximize the amount of data used in the analyses. To prevent the masking of surface absorptions and nonlinear mixing of atmospheric components, spectra with dust and ice extinctions >0.25 and >0.15, respectively , or >0.18 and >0.10 respectively [Bandfield, 2002] were excluded. However, the effect of dust and ice contributions on derivation of surface emissivity, at levels below previous constraints, has not been examined in detail.
[26] Surface emissivity for three low-albedo regions (Sinus Meridiani, Syrtis Major and Solis Planum) was derived using data containing varying levels of atmospheric dust Mineral spectra are from the ASU spectral library available online at http://tes.asu.edu , with the following exceptions: (a) provided by S. W. Ruff, samples described by Ruff [1998] ; (b) Johnson et al. [2002a] ; (c) provided by V. E. Hamilton, described by Hamilton [2000] ; (d) provided by V. E. Hamilton, samples described by Morse [1996] ; (e) described by Ruff [2004] ; (f) described by Michalski et al. [2005b] ; (g) described by Wyatt et al. [2001] ; (h) described by ; (i) provided by M. D. Kraft (personal communication, 2005) ; (j) derived from TES data, described by Glotch et al. [2004] ; (k) derived from emission phase function observations with TES by Bandfield and Smith [2003] .
b Blackbody was subtracted from the spectrum to produce comparable spectral contrast to that of other solid clays in the ASU library.
and water ice ( Figure 1 ). The spectral library used is given in Table 1 . The average spectrum from individual orbits shown for each example cover approximately the same location on the surface.
[27] Figure 1 illustrates that even with levels of atmospheric water ice below constraints used in previous work (Table 2) , the derivation of surface emissivity is adversely affected. Within the examples shown, spectra with the highest levels of water ice (extinctions of 0.05 -0.06) exhibit a relative increase in surface emissivity between 300 and 380 cm À1 , compared to derived surface emissivity from spectra with the lowest amount of water ice (extinctions <0.03). The example with the highest amount of water ice (Meridiani, Figure 1b ) also contains a false surface absorption between 980 and 1050 cm À1 . The absorption feature is less prominent in the Syrtis Major and Solis Planum examples, suggesting either that its appearance is affected by minor changes in the concentration of water ice in the measured spectrum, or that this feature is not consistently produced from regions with slightly different surface emissivity. The positions of false surface absorptions and increased emissivity could vary for other examples, depending on the true surface emissivity and the potential surface end-members available in the library. On the basis of these three examples, we find that best results are obtained if the level of water ice extinction is limited. If available, examination of multiple orbits over the surface of interest should help to determine if atmospheric components are being properly separated from the surface components.
[28] Levels of atmospheric dust extinctions >0.15 may adversely affect derived surface emissivity. For all three examples, at dust extinctions >0.15, there is an apparent surface absorption between 890 and 930 cm
À1
, and an overall increase in surface emissivity between 950 and 1050 cm À1 . As mentioned above for water ice, effects could vary for other examples depending on the surface emissivity and the spectral library used. Deconvolution of TES spectra with an excessive amount of atmospheric dust (in these examples, dust extinctions > 0.15) may result in derived surface emissivity with false surface spectral features.
Negative Water Ice Concentrations
[29] Where using the linear deconvolution algorithm for surface-atmosphere separation, the measured emissivity is modeled using positive concentrations of potential surface end-members, and either positive or negative concentrations of atmospheric dust and/or water ice (section 2.2.2). In some cases, we have found that low negative concentrations of water ice are occasionally used in combination with positive concentrations of EPF surface dust to model surface components, even where EPF surface dust is not expected to be a major component (i.e., from a low-albedo surface). Figure 2a shows an example of where this has been observed to occur in northern Acidalia Planitia. Positive concentrations of EPF surface dust are used in combination with negative concentrations of water ice to model a surface component, though TES albedo (0.11) and dust cover index (0.97) [Ruff and Christensen, 2002] of this area suggests that surface dust should not be present at high concentrations. However, derived surface emissivity where EPF surface dust is included in the spectral library includes a significant (0.32) modeled concentration of this endmember. When EPF surface dust is excluded, a lower negative concentration of water ice is used in the final solution; therefore the derived surface emissivity shape is not the same. Figure 2b illustrates a suggestion of why this occurs. EPF surface dust may be reasonably well-modeled with other minerals and positive concentrations of water ice. When water ice is excluded, EPF surface dust cannot be modeled well with other spectra in the library. It is possible that EPF surface dust might occasionally be used instead of small concentrations of water ice to model the emissivity spectrum. This would affect the amount of water ice that is subtracted from the measured spectrum. As with the previous example, the degree and frequency of this occurrence is likely dependent on the spectra available in the library. If there is concern that negative water ice concentrations are affecting the derived surface emissivity, water ice endmembers may be only allowed in the final solution as positive concentrations (Figure 2a ). In the example in Figure 2a , similar surface shapes are produced by Constraints given for this study and for two others that are most similar to this one. Not all TES studies are included in this table. Column headings: 1a, this study, spectral shape derivation; 1b, this study, spectral shape distribution; 2a, Bandfield et al. [2000b] , spectral shape derivation; 2b, Bandfield et al. [2000b] , spectral shape distribution; 3, Bandfield [2002] . A dash means ''not given'' and ''n. a.'' means ''not applicable''. Albedo constraints were not used in 2b and 3 because maps were shown as concentrations rather than abundances, along with RMS error. Because concentrations are not normalized for blackbody, surface concentrations over high-albedo regions were naturally low and below the detection limit, therefore an albedo mask was not required. Figure 2b . Model fits to EPF surface dust using the spectral library in Table 1 (EPF surface dust excluded) with (first set of curves) the full library, (second set of curves) atmospheric dust excluded, (third set of curves) water ice excluded, and (fourth set of curves)) atmospheric dust and water ice excluded. Negative concentrations of atmospheric components were allowed in all models. Positive concentrations of water ice were used to model the EPF surface dust in the first and second sets of curves. EPF surface dust is modeled well when positive concentrations of water ice are included. Figure 2a . Effect of negative atmospheric water ice concentrations on derived surface emissivity. Linear deconvolution-derived surface emissivity spectra from Acidalia Planitia. All three spectra are derived from the average of OCK 2619, ICKs 2232 -2237. The first spectrum is derived with a mineral and atmospheric end-member library. The second library is the same, but with EPF surface dust excluded. The third library is the same as the first, but water ice end-members were only allowed in positive concentrations. Note the similarity between the surface emissivity shapes (between $815 and 1300 cm À1 ) with surface dust excluded and with no negative water ice concentrations allowed.
(1) excluding EPF surface dust or (2) only allowing positive water ice concentrations. If there is confidence from other information that the surface of interest is relatively free of dust (i.e., from short-wavelength emissivity [Ruff and Christensen, 2002] or albedo), the EPF surface dust spectrum may be excluded.
Low Surface Spectral Contrast
[30] To examine the effect of low surface spectral contrast on derived surface emissivity using the linear deconvolution method, we used TES data from two orbits that traversed low-and high-albedo surfaces within and around Radau crater (Figure 3a ) (following Johnson et al. [2002b] ). Figures 3b and 3c show effective emissivity spectra taken from surfaces with TES albedo values of 0.11 and 0.21 -0.27. In these examples, the largest difference between the bright and dark surfaces should be due to spectral contrast; differences due to atmospheric components should be minimal.
[31] Accurate surface-atmosphere separation of spectra from bright surfaces using the linear deconvolution method should produce a shape similar to the globally uniform EPF surface dust shape ] (section 2.2.1). Figures 3d and 3e show surface emissivity derived for each spectrum in Figures 3b and 3c using the spectral library in Table 1 . The derived spectra of the low-albedo crater floor material ($0.11) are typical of basalt, as expected. However, the linear deconvolution-derived emissivity spectra from the high-albedo surfaces are not good matches to EPF surface dust (Figure 4) . These examples indicate that the linear deconvolution method may not always properly remove atmospheric components from spectra of higher-albedo surfaces (!0.20) .
[32] The Radau Crater spectra may also be used to discuss systematic end-member use and model fits to spectra from high-albedo regions. Model fits to the Radau Crater spectra worsen with increasing albedo (Figures 3d and 3e) . This is observed globally [Bandfield, 2002] : RMS error increase becomes most prominent over regions that exhibit average 9-10 mm emissivity > $0.96 -0.97 ( Figure 5 ). For the high-albedo surfaces (>0.20) in Figure 3 , high-silica phase(s) are used to model the spectra, along with alkali feldspar, sulfates, and EPF surface dust. Pyroxene is not used. Results for these examples are consistent with global mineral maps derived by Bandfield [2002 Bandfield [ , 2003 , which show that coarse-particulate sheet silicates/high-silica glass, K-feldspar, and sulfates are used in addition to EPF surface dust to model surface emissivity over parts of the classic high-albedo regions of Tharsis, Arabia and Elysium. This suggests that high-silica phase(s), feldspar and/or sulfates are systematically and erroneously used by the linear least squares fitting algorithm to model emissivity from the lowest spectral contrast regions.
[33] For intermediate albedo (0.15 -0.19), intermediate spectral contrast surfaces (we note that albedo is not necessarily indicative of spectral contrast), where surface emissivity has not yet been confirmed through other means, it is difficult to assess the accuracy of the linear deconvolution surface-atmosphere separation method. It is not clear what minimum spectral contrast is required for reliable surface emissivity retrieval using this technique; however, derived surface emissivity probably does become less certain as the contrast of surface spectral features is decreased.
Summary
[34] In summary, if linear deconvolution is used to determine surface emissivity, multiple orbits should be examined, if available. Additional techniques (section 2.2) may also be used to build confidence in the derived surface shapes. Water ice and dust extinctions above 0.04 and 0.15, respectively, may adversely affect derived surface emissivity. In addition, negative concentrations of water ice are occasionally used in combination with EPF surface dust to provide the best fit to the measured spectrum, even when dust is not a likely component of the surface. Finally atmospheric components may not be accurately separated from surfaces with low spectral contrast. High-silica phases, feldspar and/or sulfates are commonly used to model the emissivity of low spectral contrast regions. Finally, as the relative contribution from the surface component to measured spectrum is decreased, reliability of the derived surface emissivity is likely diminished (sections 2.2.2 and 3.3).
Approach
Overview
[35] Mineral mapping is one method for determining spatial variations in mineral abundance, however it is difficult to visualize how an assemblage of minerals with constant relative mineral abundance (example: clinopyroxene + plagioclase + olivine) varies together spatially. This kind of visualization is important for relating bulk surface mineralogy to other crustal properties, such as surface morphology/age or crustal thickness. The approach of using ''spectral unit types,'' such as that of Bandfield et al. [2000b] allows the user to classify a particular phase assemblage by its characteristic spectral shape, and then determine the distribution of that assemblage. In this work, 29 low-albedo regions were selected in an effort to sample the global diversity in surface age, crustal thickness, latitude and elevation (Figure 6 ). Note that the low-albedo hematiterich region in Meridiani Planum was excluded from this study. For each area, a regional surface emissivity shape was derived from individual TES orbits. These regional shapes were then grouped by similarity to produce eleven representative low-albedo region spectra, and the global distributions of each representative spectrum were determined. Surface emissivity shapes were validated using spectral ratios (where appropriate conditions were available) and comparison of non -atmospherically corrected spectra from individual orbits that cross spectrally different regions.
Data Selection and Reduction
[36] Both binned emissivity data and individual orbit tracks are used in this work. Individual orbit tracks are used to derive the average surface spectral shape for each lowalbedo region. For this step, the TES data used was limited to MGS mapping orbits 1-5317, dust extinctions <0.15, ice extinctions <0.04, surface temperature >270 K (more than 80% of spectra used were >280 K), solar panel motions unknown or <0.120 deg/sec, HGA motions unknown or <0.05 deg/sec, and emission angles <30°( Table 2 ). Note that the allowable water ice concentrations in this study are significantly lower than previous studies (Table 2) , because this work focuses on areally extensive regions where there is sufficient data available that meet these limited constraints. The solar panel and HGA movement constraints were used in an effort to avoid orbits containing spectral artifacts [e.g., Bandfield, 2002; Hamilton et al., 2003b] , however it should be noted that these constraints do not completely eliminate all of the spectra containing artifacts. In this step of deriving the regional spectral shapes, all spectra were manually examined to ensure the absence of artifacts. Emissivity spectra binned at a spectral resolution of 1 pixel-per-degree are used to determine the distribution of representative low- Figures 3b  and 3c , using the linear deconvolution method. No contrast enhancement was applied. Spectrum 2 in both plots was offset by 0.01 for clarity. The derived spectra of the low-albedo crater floor material (spectra numbered 1) is typical of basalt.
albedo surface spectral shapes. For the binned data, TES data set queries are similar to those used for individual orbits, except that surface temperatures as low as 255 K were allowed to provide increased spatial coverage. Spectra from colder surfaces have a lower signal-to-noise ratio than spectra from warmer surfaces, however, several spectra (at least 50, but usually >100) are averaged per bin, which improves the signal. Similarly, the influence of any artifacts Bandfield [2002] versus spectral contrast of surface emissivity derived from Bandfield [2002] . The average surface emissivity between $9 and 10 mm is used as a gauge of spectral contrast. As the $9-10 mm emissivity increases to >$0.96 -0.97 (decreasing spectral contrast), a noticeable increase in RMS error for modeled spectra occurs. present in the binned data is mitigated by averaging spectra from several orbits per bin. Finally, all spectral fitting was limited to $307-1301 cm
À1
, excluding the atmospheric CO 2 region between $518 and 815 cm À1 .
Regional Spectral Shape Derivation
[37] Using the data set constraints above, the locations of individual orbit tracks were mapped for each region (example, Figure 7 ). For each orbit, a range of ICKs covering surfaces with TES lambert albedo values 0.14 with similar atmospheric contribution (Figure 8 ) was selected and averaged (Table 2) . Because there are hundreds of spectra that meet the data constraints discussed above, we chose to use an albedo upper limit of 0.14 (as opposed to 0.15) in this step of our approach in an effort to derive the regional spectral shapes from the best possible surface conditions (e.g., highest spectral contrast and warmest surface temperatures). One exception to the albedo constraint was the southwest Solis Planum region, which has an average albedo of $0.16 -0.17. This region was included because it was already shown by Bandfield [2002] to have deep spectral contrast; in addition, despite the higher albedo, the dust cover index [Ruff and Christensen, 2002] for this region (0.96 -0.99) is similar to lower albedo regions. Atmospheric components were removed from the average spectrum using the linear deconvolution method. The spectral library used to fit the measured spectrum is given in Table 1 . In this step of deriving representative surface shapes, we chose to exclude EPF surface dust, because only spectra from the lowest albedo surfaces were used. This was done to avoid rare cases of false combination of negative water ice concentrations with positive EPF surface Table 3 . dust concentrations (section 3.2). Surface emissivity shapes derived from each orbit were normalized to the average spectral contrast and plotted for comparison (Figure 9 ). The most recurrent surface shapes within the set of spectra were selected and averaged to produce the regionally dominant surface emissivity shape. In most cases, the number of orbits used for each representative shape was greater than 90% of the available orbits. For two of the regions (Syrtis Major and southern Acidalia), only 65% of the available orbits were used. Orbit-to-orbit and along-track variations were observed in the derived surface shapes for these regions; most of this variation is likely due to real surface variation in mineralogy or dust coatings, whereas a small percentage could be due to influence from atmospheric water ice or dust (section 3.1).
Global Spectral Shape Classification
[38] The regional spectral shapes derived for each of the 29 low-albedo areas were scaled to their average spectral contrast and plotted for comparison. If two or more shapes from different regions were similar, the shapes were combined by taking both sets of spectra and averaging them together to produce a representative spectrum. Regional shapes were considered dissimilar if the average was not within the standard deviation associated with all other shapes, over a !50 cm À1 range. Using this criterion, error bounds do overlap for a few of the shapes, and differences between some of the shapes are subtle. However, the spatial contiguity that is apparent when mapping the distribution of these shapes (section 5.2) supports the separation criterion used. If a more stringent separation measure is used, then spectral detail that is mappable in coherent distributions across the planet is lost. In addition, the act of combining the spectra with only subtle differences presumes that the differences are not due to real surface properties, which is not ideal. In Paper 2, the most similar spectra in this work are ultimately recombined on the basis of comparable mineralogy. The method presented here and in Paper 2 of mapping spectral details, and then recombining the distributions of similar spectra on the basis of mineralogy, results in more distinct compositional distributions without overinterpreting the subtle differences between these spectral shapes as representing extreme differences in surface mineralogy or physical effects.
Spectral Shape Distribution
[39] The representative low-albedo region spectral shapes described above and previously derived atmospheric endmembers Bandfield, 2002] were used to deconvolve effective emissivity spectra binned at a resolution of 1 ppd from 70°S to 70°N. Owing to the global nature of this study and the use of binned data to derive maps, surface dust was not excluded from this step, and negative water ice concentrations were allowed. The output of the model includes maps of spectral shape concentrations and RMS error. This approach is similar to that of Bandfield [2002] (section 2.3.2), except that representative surface spectral shapes are used as potential surface end-members instead of minerals and glasses. Figure 8 . Example of the worst-case level of spectral variability that was allowed when averaging spectra from each individual orbit (for derivation of each regional shape). Spectra are from Sinus Meridiani, region 16, TES mapping phase orbit 1439, ICKs 1680-1686 (location indicated with arrows in Figure 7 ).
Corroborative Methods
[40] The initial and perhaps most robust check on the validity of the derived regional surface shape is if a consistent surface spectrum is obtained from orbits with varying levels of atmospheric contributions (Figure 9 ). In addition, where possible, spectral ratios were used to verify the spectral shapes. An example of this is given in Figure 10 . TES spectra were selected from a single orbit that crossed the surface of interest and a nearby brighter region. As mentioned above, the surface emissivity of bright regions is well constrained (EPF surface dust) Christensen et al., 2004a] . The surface of interest is an area that is mapped as a particular representative shape (in this example, Cimmeria Terra is mapped as the Cimmeria-Iapygia spectral shape). If the representative surface emissivity shape was correctly derived using the linear deconvolution method, then the ratio spectrum of the dark surface divided by the bright surface should match a ratio of the representative surface emissivity spectrum divided by EPF surface dust [Ruff and Christensen, 2002] . However, for almost all of the regions of interest in this study, there was rarely a high-albedo surface (>0.20) in close enough proximity to the surface of interest. Instead, we commonly used adjacent areas that were slightly brighter than the dark region of interest to create a spectral ratio (Figure 10a) , and assumed that the adjacent brighter surface was a mixture of the dark material of interest and EPF surface dust. High wave number (>1350 cm À1 ) features in the ratio spectrum of a dark region and adjacent brighter region with similar substrate composition should be due primarily to differences in dust abundance. To determine the fractional contribution of dust to the brighter region, the magnitude of spectral features at high wave numbers (1350 -1600 cm À1 ) in the ratio spectrum was compared to the magnitude of spectral features in the EPF surface dust spectrum (Figure 10b) . Finally, the representative spectral shape was divided by the EPF surface dust spectrum , scaled by the determined percentage of contribution, for comparison to the ratio spectrum (Figure 10c) .
[41] Areas that meet the ratioing criteria (section 2.2.3) are limited; therefore only one example is given for each representative low-albedo region shape derived in this work. In addition, some of the shape distributions did not have distinctly brighter surfaces in close enough proximity to the surface of interest, therefore not all representative shapes were able to be verified by this method. In two of these cases, we used visual inspection of non -atmospherically corrected spectra from single orbit tracks that cross spectrally different regions for changes in the 300-500 cm À1 spectral region (where atmospheric components are the Figure 9 . Example of how representative regional surface emissivity shapes are derived. Each spectrum in the lower set is the average of 50-300 spectra from a single orbit in the Meridiani region (areas 16-18, Table 3 ). Note variability in atmospheric dust (prominent absorption between $850 and 1200 cm À1 ) within this set of spectra. Each spectrum in the upper set is the derived surface emissivity from the lower set. The derived surface emissivity shapes are normalized to the average spectral contrast. most transparent) as a method of confirming spectral differences between regions.
Results
Regional Spectral Shapes
[42] Eleven average spectral shapes are shown in Figure 11 , and are representative of the spectral response from the 29 low-albedo regions studied (Table 3 ). The non -atmospherically corrected emissivity spectra from individual orbits used to derive each representative spectral shape are shown in Figure 12 . For each region (with the exception of Pandorae), varying amounts of atmospheric dust are present within the set of orbits used to derive the regional surface shapes. The fact that the uniform surface emissivities were derived from spectra with widely varying dust opacities provides the best indication that atmospheric components have been correctly removed and other effects are not present. Less confidence is associated with the Pandorae Fretum shape because there is little atmospheric variation between the orbits used to derive the shape. All derived spectral shapes are generally similar to each other, with broad absorptions between $850-1300 cm À1 and $300-500 cm
À1
. However, there are significant, though subtle, differences.
Notable Features and Global Distributions of Spectral Shapes
[43] Representative spectral shape concentration maps are shown in Figure 13 . Map areas with clear-period TES albedo values (derived by Christensen et al. [2001] ) >0.15 are masked out, with the exception of the Solis Planum spectral shape distribution map, where surface albedo values up to 0.17 are included. Most of the concentration maps are spatially coherent although the differences between the eleven shapes are subtle (Figure 11 ). Spatial contiguity adds additional confidence that the spectral variations are not due to artifacts or atmospheric effects. The distributions of the representative spectral shapes are described in detail below.
[44] The spectral shape that is representative of lowalbedo regions in southern Acidalia has a slightly lower spectral contrast than the other regional shapes. The shape is remarkably similar to that derived by Moersch et al. [1997] for Acidalia Planitia using telescopic observations. There is some surface variability as evidenced by the percentage of orbits ($65%) used to derive the shape. High concentrations of this spectral shape are found primarily in southern and eastern Acidalia Planitia, as well as a few areas in southern Utopia Planitia. These regions are slightly higher albedo ($0.13-0.15) than the other dark regions of this study, which is consistent with the slightly lower spectral contrast of the southern Acidalia representative shape. We note that lower concentrations of this spectral shape are used in addition to EPF surface dust to model surface emissivity from the higher-albedo regions (>0.15). These Figure 10 . Example of how spectral ratios are used to verify surface emissivity derived from linear deconvolution. (a) TES effective emissivity spectra from OCK 5702 in Cimmeria Terra. The lower spectrum is from the region of interest, and the upper spectrum is from an adjacent region with more surface dust. Spectral differences are due primarily to differences in surface dust abundance and spectral contrast. (b) Ratio of spectra from Figure 10a , compared with the EPF surface dust spectrum, scaled at abundances of 5, 25, and 45%. An abundance of 25% gives the best match to the short wavelength (1350-1600 cm À1 ) emissivity features of the ratio spectrum. (c) The ratio of spectra from Figure 10a , compared with the CimmeriaIapygia-Protei representative shape divided by 25% EPF surface dust. The match indicates that the linear deconvolution derived surface emissivity spectrum for Cimmeria Terra is corroborated by spectral ratios of non -atmospherically corrected spectra. Figure 11 . Representative surface emissivity shapes from the 29 low-albedo regions studied. Table 3 indicates which regions were classified into each representative surface emissivity group. Gray lines represent the standard deviation for each average spectrum. Spectra are offset for clarity and shown compared to the global Surface Type 1 and Type 2 end-members . No contrast enhancement was applied. Figure 13 .
[45] The northern Acidalia representative shape is the most similar to the Surface Type 2 (Acidalia Type) endmember of Bandfield et al. [2000b] . The spectral concentration map shows that the northern Acidalia representative shape is confined to northern Acidalia and Utopia, above $50°N. A spectral and overall visible reflectance difference between northern and southern Acidalia was also apparent in Hubble Space Telescope (HST) 1999 visible [Farrand et al., 2000] and 1997 near-infrared observations [Noe Dobrea et al., 2003] .
[46] The Cimmeria-Iapygia spectral shape occurs primarily in the southern highlands, in Protei Regio, Margaritifer Sinus, Iapygia, Mare Cimmeria, and near the western boundary of Hesperia Planum near Tyrrhena Terra. Of the eleven shapes, the Cimmeria-Iapygia concentration distribution is the least spatially coherent and it does not appear associated with any particular type of terrain. This shape may be most representative of the southern highlands of Mars in general. The Cimmeria-Iapygia shape of this work compares well with spectral shapes previously derived for Cimmeria Terra using both radiative transfer and linear deconvolution methods .
[47] The Aonium-Phrixi representative spectral shape is largely confined to Hesperian plains surrounding the southeastern section of the Tharsis province. Spatially coherent high concentrations are found in eastern Solis Planum, Phrixi Regio, Thaumasia Planum, and Aonium Sinus. There are a few lower concentrations found near the eastern edge of Acidalia Planitia and Pandorae Fretum.
[48] High concentrations of the Mare Sirenum representative spectral shape are found only in the Mare Sirenum low-albedo region at $À35°S, 210°E. The highest concentrations are confined mostly to Hesperian-aged plains.
[49] The Sinus Meridiani representative spectral shape is found in high concentrations in Sinus Meridiani (meaning low-albedo surfaces outside of the hematite unit of Meridiani Planum), as well as in Sinus Sabaeus to the east and Margaritifer Sinus and Mare Erythraeum to the west. Other, scattered concentrations are found throughout the southern highlands. Figure 12 . Effective emissivity spectra used to produce the eleven representative regional shapes. Each spectrum within each plot represents an average of 50-300 consecutive spectra from a single orbit. All of the regions (except for Pandorae) have spectra from varying atmospheric conditions that were used to produce the representative shape.
[50] The Syrtis Major representative shape is unique to the Syrtis Major province. The derived surface emissivity has higher spectral contrast, and has lower relative emissivity at $900 cm À1 than the Surface Type 1 end-member . Only 65% of the available valid orbits were used to produce the dominant shape, indicating some surface variability within Syrtis Major. Spectra not included in the Syrtis Major average deviated more than 15% over >100 cm À1 range.
[51] The Hesperia representative spectral shape is found primarily in the dark portions of Hesperia Planum, as well as on the southwestern outermost flanks of Syrtis Major, and Protei Regio. Significant concentrations are also found scattered throughout Iapygia and Cimmeria.
[52] The Tyrrhena Terra representative spectral shape is found primarily ($75%) in Noachian heavily cratered terrains surrounding Hesperia Planum and south of Syrtis Major. There are a few scattered concentrations throughout the Margaritifer Sinus region.
[53] The Solis Planum representative spectral shape is found primarily in the western Solis Planum region, and is similar in spectral character to northern Acidalia (also noted by Bandfield [2002] ). Low-to-intermediate concentrations are found scattered throughout the southern highlands and in spatially coherent concentrations near the southeastern boundary of the Tharsis province. The primary location of high concentrations in western Solis Planum has a slightly higher average albedo ($0.16) than other regions of this study, however, the dust cover index values (>0.96) [Ruff and Christensen, 2002] and surface spectral contrast are similar to the other low-albedo regions.
[54] The highest concentrations of the Pandorae Fretum representative spectral shape with spatial coherence are found in the Pandorae Fretum/Mare Serpentis region, north and northwest of Hellas Basin. Intermediate to low concentrations are found scattered throughout the southern highlands, particularly in Iapygia, south of Mare Cimmerium, and in northwest Syrtis Major.
Surface Emissivity Shape Validation
[55] As mentioned above, the representative spectral shapes were derived from widely varying atmospheric dust opacities, indicating that atmospheric components have been removed properly (Figure 12 ). Additional confidence in the derived representative spectral shapes comes from spectral ratios and individual orbits that transition spectrally different areas in the concentration maps. For Syrtis, Pandorae, Protei, Mare Sirenum, Tyrrhena, Aonium, and Meridiani, spectral ratios are shown in Figure 14 . Areas with . Spectral ratios from regions that were mapped with high concentrations of the Syrtis, Pandorae, Protei, Mare Sirenum, Tyrrhena, Meridiani, and Aonium-Phrixi representative shapes. Each ratio is compared with the representative shape divided by a fraction of the EPF surface dust end-member (section 4.6). Effective emissivity ratios and surface emissivity ratios are normalized to the same spectral contrast for each plot. The worst spectral match between effective emissivity ratio and surface emissivity-EPF surface dust ratio is Pandorae. Tyrrhena and Meridiani show some mismatch at longer wavelengths however the overall trends in that wavelength region exhibited by the effective emissivity ratio are similar to the respective representative surface shape.
high concentrations of the Hesperia, Solis Planum, northern and southern Acidalia representative shapes did not exhibit the conditions necessary for ratioing, however the atmospheric variability and wide orbit range used to derive the shape suggest that the derived surface emissivity is reliable. For southern Acidalia and northern Acidalia, we show two orbits that traverse these regions (section 4.6) ( Figure 15 ). Spectral differences between these two regions are present from 300 -500 cm À1 , indicating real surface variability is present.
[56] Tyrrhena shows some mismatch between the spectral ratio and representative surface shape, however the longwavelength portions are similar. Although the spectral match is poorer than the other shapes, its distinct distribution and the atmospheric variability within the data set used to derive the Tyrrhena shape (Figure 12 ) suggest it should not be discarded. In addition, it cannot be ruled out that mismatch between $850 and 1000 cm À1 is due to local variability within the region where the ratio was derived. One region, Pandorae, failed to meet either of our corroborative criteria in terms of an adequate spectral match to the ratio spectrum and atmospheric variability in the spectra used to derive the shape (Figures 12 and 14) . Exclusion of this shape from the potential end-member set when producing the concentration maps in section 5.2 has no significant change in the distributions of the other representative shapes. The only notable difference is that the AoniumPhrixi representative shape is used to model surface emissivity from the Pandorae region.
Comparison With Surface Type 1 and 2 Spectral Shapes and Distributions
[57] The representative low-albedo region spectra are similar in shape to the originally derived Surface Types 1 and 2, and the intermediate surface type ; all shapes have major absorptions between 825-1301 cm À1 and 225 -500 cm
À1
, consistent with silicate materials. If the representative spectral shapes that are most similar to the Surface Type 1 end-member are averaged, a reasonable match to the Type 1 end-member of is produced, and likewise for Surface Type 2, indicating that the original surface types [Bandfield et al., Figures 15a and 1b , the top plot shows non -atmospherically corrected effective emissivity spectra. Some of the difference at low wave numbers is due to water vapor, but some is due to surface variation. The bottom plot shows derived surface emissivity from the spectra in the top plot and the representative regional spectra for comparison. Major differences at $975 and $450 cm À1 are observed, consistent with the derived representative shapes for northern and southern Acidalia. 2000b ] are truly representative of the average of all lowalbedo regions (Figure 16 ).
[58] If the regions identified here are mixtures of these two end-members, then it should be possible to fit the regional spectra using only Surface Types 1 and 2. Figure 17 shows the best model fits to the representative shapes of this work using only Surface Types 1 and 2. Although features are broadly well-modeled using only these end-members, there are visible departures between the model and measured spectra, indicating that other surface components are present. This suggests that some areas that were previously mapped as mixtures of Surface Types 1 and 2 may be better represented as a different surface type, rather than a mixture of the two end-members.
[59] Using the regionally derived spectral shapes from this work in place of Surface Types 1 and 2 to model global surface emissivity gives lower RMS errors than that of Bandfield et al. [2000b] for low-albedo regions. Lower RMS errors are to be expected when a larger potential end-member set is used, however. From comparison of the original RMS error and Surface Type concentration maps of Bandfield et al. [2000b] with the maps of this work, it is clear that some areas are better modeled with one or more of the regionally derived shapes than with a mixture of only Surface Types 1 and 2 (or the intermediate surface type). The benefit of using these additional spectra is that small surface spectral features are better represented. Areas that were previously mapped as partially consisting of a Surface Type 2 component no longer require a Surface Type 2-like spectral shape to best model the surface spectrum. Although these areas may contain some of the spectral features/ compositional phases found in the Surface Type 2 endmember, this refinement allows for easier interpretation of the distributions of spectral shapes defined in this and previous work.
6. Discussion
Causes of Spectral Shape Differences
[60] There are several effects that could contribute to the observed differences in spectral shape. Regional differences in bulk mineralogy could cause the observed variations. The Figure 16 . Average of N. Acidalia, S. Acidalia and Solis Planum representative regional shapes compared with the Surface Type 2 end-member of Bandfield et al. [2000b] , and average of CimmeriaIapygia, Mare Sirenum, Meridiani, Hesperia, Syrtis and Tyrrhena representative regional shapes compared with the Surface Type 1 end-member of Bandfield et al. [2000b] . Both spectra compare well with the two original end-members, reinforcing the conclusion that the Surface Type 1 and Type 2 spectral shapes are descriptive of the average of all low-albedo regions .
potential control of bulk mineralogy on the observed spectral differences and the implications are discussed in a companion paper (Paper 2). Other effects that could influence the thermal emission spectrum of a surface are mixtures of bulk mineralogy with precipitated coatings, weathering rinds, and/or loose surface dust. Controlled deposition of amorphous silica coatings on basalts in a laboratory as well as natural coatings on rocks [Minitti et al., 2003 [Minitti et al., , 2005 have been shown to significantly alter the thermal emission spectrum compared to a fresh cut surface. Opaline coatings only 3 -7 mm thick may completely mask the spectral character of the substrate Minitti et al., 2003] , and even coatings as thin as $0.5 mm still have a significant spectral contribution to the measured spectrum, indicating nonlinear spectral mixing of pure amorphous silica with the substrate . Natural weathering rinds can have a similar effect [Kraft et al., 2005; Michalski et al., 2005a] . Finally, loose palagonitic dust coatings as thin as 10-15 mm [Graff, 2003] or $50 mm [Johnson et al., 2002b] on basaltic rocks produce changes in the thermal emission spectrum comparable to the spectral differences mapped in this work.
[61] One thing that must be considered is the physical nature of low-albedo surfaces that are measured with TES. For a surface to maintain a low albedo, it is likely to have a significant sand component that is able to saltate and clean itself of dust [e.g., Thomas et al., 1984; Christensen, 1988] . This is consistent with low-albedo region particle sizes derived from Viking and TES thermal inertia data [e.g., Kieffer et al., 1977; Edgett and Christensen, 1991; Presley and Christensen, 1997; Mellon et al., 2000] . Although most low-albedo regions have a significant rock component [Christensen, 1986; Nowicki and Christensen, 1999] , there are almost no areas on Mars where, at the footprint of a TES pixel, rocks are the dominant component. In addition, because rocks are colder than sands during the day, their contribution to the measured radiance is lower. The question of whether coatings and/or rinds are present on sand grains becomes important when discussing their contribution to TES surface emissivity spectra of low-albedo regions, especially in areas of low rock abundance. In addition, the question of whether coatings and/or rinds survive on rocks that are surrounded by saltating sand grains must also be considered. Although amorphous silica coatings are less susceptible to abrasion than calcrete and rock varnish coatings [Kraft and Greeley, 2000] , desert silica ''glazes'' found on Earth are weak and removed easily in an eolian environment [Dorn, 1998 ]. However, there have been reports of possible amorphous silica coatings on dune sands in western Egypt [El-Baz and Prestel, 1980] . If coatings are present, they likely formed recently enough to not have been removed by saltation.
[62] On Mars, apparently resilient coatings are present on rocks at the MER Spirit Rover landing site in Gusev Crater [e.g., Squyres et al., 2004] , and probably at the Viking [e.g., Arvidson et al., 1989; Guinness et al., 1997] and Pathfinder [Johnson et al., 1999; McSween et al., 1999] landing sites. However, the average TES albedo of those landing sites and surrounding areas range from $0.22 to 0.30 [Golombek et al., 2003] . Those sites are not representative of the low- Figure 17 . Best model fits (dotted lines) of the eleven representative low-albedo region shapes (solid lines) using Surface Types 1 and 2 . Some shapes are well-modeled using only these end-members; others have spectral features that are not fit as well, suggesting other phases are present.
albedo regions of this study. At the Opportunity Rover landing site in Meridiani Planum, few rocks are present, with the exception of the extensive sulfate-rich outcrop, which is also probably not representative of the majority of rocks of the low-albedo regions in this study. Instead, basaltic sands and hematite-rich granules dominate the surface. Future studies focused on the survivability of rinds/coatings on sand grains and on rocks in active saltating environments (similar to that of Kraft and Greeley [2000] ) will shed light on the contribution of those materials to TES emissivity spectra.
[63] The albedo constraint in this work precludes significant influences from loose dust coatings; however one exception in this work may be southern Acidalia. The southern Acidalia shape has a slightly lower spectral contrast and is mostly concentrated in the highest-albedo areas ($0.13 -0.15) examined in this study. The spectral contrast and higher associated albedo suggests either a slightly finer particle size than surrounding dark regions or a greater abundance of surface dust that is mixed with rocks and sand. The thermal inertia values for southern Acidalia ($225 -340 J m À2 K À1 s À1/2 [Mellon et al., 2000] ) are 20-140 J m À2 K À1 s À1/2 higher than Syrtis Major, which is the darkest region on Mars, suggesting that a thin or discontinuous layer of surface dust mixed with rocks and sand is more likely. This suggestion is supported by the observation that the southern Acidalia spectral shape is used in combination with EPF surface dust to model the emissivity of higher-albedo regions (section 5.2). Finally, we note a broad, weakly concave-downward spectral feature between 900 and 1020 cm À1 that is present in the southern Acidalia shape (derived in this work, Figure 11 , and by Moersch et al. [1997] ). This feature, also characterized by a steep rise in emissivity at $1020 cm À1 , is commonly observed in intermediate-albedo ($0.16 -0.19 ) regions (Figures 18a and 18b) . In addition, a similar spectral feature has been observed in laboratory thermal emission spectra of basalts and andesites with $11-15 mm palagonitic dust coatings (Figure 19) [Graff, 2003] . Although these observations suggest the possibility, this feature may not necessarily equate with the presence of thin dust coatings, as it is also apparent in a few of the lower-albedo representative spectral shapes of this work (Figure 11) . However, at least in the case of southern Acidalia, the representative spectrum is similar to some intermediate albedo surfaces not only in the spectral region discussed above, but across the full wavelength range (Figure 18b ). This further supports the idea that the southern Acidalia emissivity is influenced by thin (<15 mm) dust coatings.
[64] In summary, dust coatings could be partially contributing to the measured spectra in some areas, but it is more likely that variations in surface mineralogy exhibit the strongest control on observed spectral variations in lowalbedo regions. The presence/absence of rinds and mineral coatings is less clear. Use of geologic context, other data sets such as from the Gamma Ray Spectrometer (GRS), the Mars Express Observatoire pour la Mineralogie, l'Eau, les Glaces, et l'Activite (OMEGA) and the Mars Reconnaissance Orbiter Compact Reconnaissance Imaging Spectrometer for Mars (CRISM), and future rover mission data may help to clarify the presence and likely contribution of rinds and mineral coatings to IR spectra of low-albedo regions.
Spectral Variation Between Martian Dark Regions
[65] Surface Types 1, 2 and the intermediate type accurately describe the average of Martian dark regions and provide useful reference spectra for spectral studies (section 5.4, Figure 14) . However, it is important to emphasize that many low-albedo surfaces that Figure 18a . Fifteen randomly selected surface emissivity spectra from intermediate albedo regions (albedo values ranged from $0.16 -0.19). Spectra are selected from the 1 pixel-per-degree surface emissivity cube derived by Bandfield [2002] . The top set of spectra are the average and ±1s from the lower set of spectra. were originally mapped as one or a mixture of the two global end-members have subtle but mappable differences in spectral response from those end-members. These differences could reflect small variations in primary or secondary mineralogy, which in turn could indicate differences in alteration or volcanic history. A spectral difference between southern and northern Acidalia Planitia may be due in part to a small amount of dust cover in southern Acidalia. However, long-wavelength features are also different between these two regions (Figure 11 ), suggesting that additional compositional differences are present, consistent with previous studies of Acidalia [Farrand et al., 2000; Noe Dobrea et al., 2003; Wyatt et al., 2003] .
[66] Global spectral variations beyond only three surface types are consistent with previous TES, ISM, HST, OMEGA, GRS and THEMIS mineral mapping results, which show variations in relative mineral and elemental abundances across the surface [e.g., Mustard and Sunshine, 1995; Bell et al., 1997; Mustard et al., 1997; Bandfield, 2002; Bibring et al., 2005; Christensen et al., 2005; Rogers et al., 2005; Le Mouélic et al., 2006; Taylor et al., 2006] . The key point is that by adding additional surface spectral shapes to an end-member set, the original surface type distributions are refined. This should be considered when using geologic context as a constraint for interpreting derived mineralogy of the two original surface types.
A Refined ''Surface Type 2'' Distribution
[67] Much attention has been given to the Surface Type 2 component derived for some Martian low-albedo regions, because it contains one or more amorphous or poorly crystalline high-silica phases that may be interpreted as primary volcanic glass, or a number of secondary coatings and mineraloids. Some studies have focused on either promoting or challenging the possible alternative materials that may substitute for the SiK glass component originally reported for Surface Type 2 Hamilton et al., 2001] , such as phyllosilicates [Wyatt and McSween, 2002; Hamilton et al., 2003a; Ruff, 2003; Koeppen and Hamilton, 2005; Michalski et al., 2005b] , secondary amorphous silica coatings [Wyatt and McSween, 2002; Kraft et al., 2003; Michalski et al., 2003] , palagonites [Morris et al., 2003] or zeolites [Ruff, 2004] . Other studies have attempted to use geologic context/reasoning to deduce the most likely explanation for the high-silica component measured for Surface Type 2 areas [Ruff and Hamilton, 2001; Wyatt and McSween, 2002; McLennan, 2003; Wyatt et al., , 2004 Michalski et al., 2005b; Christensen et al., 2005] .
[68] The concentration maps from this work indicate that surfaces with the highest concentrations of high-silica phases and ''Surface Type 2''-like spectral character are mostly confined to the northernmost part of the lowland plains, and Solis Planum (the Northern Acidalia and Solis Planum distributions, Figure 13 ). Although surfaces with some of the characteristic Surface Type 2 mineralogical components are likely present elsewhere, this has important implications for the interpretation of the geologic context of pure Surface Type 2. First, the Surface Type 2 distribution is not as widespread in the highlands, or the northern plains, as previously suggested. Areas with high spectral contrast that are the closest spectral match to the original Surface Type 2 spectral shape, besides northern Acidalia and Solis Planum [Bandfield, 2002] , are the north polar dunes [Bandfield et al., 2002] , a small bedrock outcrop in the Nili Patera caldera of Syrtis Major [Ruff and Hamilton, 2001; Christensen et al., 2005] , and a few isolated locations in the southern mid to high latitudes [Bandfield, 2002; Aben, 2003] (also this work, Figure 13 ). The fact that the largest distribution of the pure Surface Type 2-like spectrum (Northern Acidalia representative shape, section 5.2) is located in northern Acidalia, which is mapped as a basin in which sediments may have been transported and reworked by glacial or fluvial processes [e.g., Tanaka et al., 2003] , supports the idea that the high-silica phase in the spectrum represents a coating or weathering rind [Michalski et al., 2005b] . Also, aside from the high concentrations in Solis Planum, the Figure 19 . Laboratory spectra of dust-coated basalts compared with intermediate albedo region spectra. (a) Laboratory thermal emission spectra of basalt and andesite substrates with 6 and 11 -15 mm palagonitic dust coatings [Graff, 2003] . Basaltic and andesitic series are offset by 0.10 emissivity. (b) Spectra from Figure 19a , normalized to the same spectral contrast and compared with the average intermediate albedo spectral shape from Figure 18a , and Surface Types 1 and 2 (also normalized to the same spectral contrast). The shaded area indicates the wavelength range of the concavedownward spectral feature discussed in the text. Spectra are offset for clarity. major occurrences of Surface Type 2-like spectra are primarily found in mid-to high-latitude regions, also supporting an alteration product interpretation for the high-silica phase(s) [Wyatt et al., 2004; Michalski et al., 2005b] . However, there are clearly areas on Mars where volcanic glass is the most viable phase, such as Nili Patera , and also areas where coatings are less likely to persist, such as the north polar dunes [Bandfield et al., 2002] . This suggests that multiple mechanisms are needed to explain the global distribution of high-silica phase(s). Finally, although an alteration interpretation for Surface Type 2 areas in the northern plains and mid-to high-latitude regions is more likely, volcanic glass cannot be completely eliminated as the explanation for the high-silica phase(s) in Surface Type 2.
Comments on the Southern Mid-to High-Latitude Regions
[69] This work focused on large dark regions that exhibit TES albedo values less than 0.15 (except for Solis Planum) and high spectral contrast. These constraints exclude a large portion of the southern hemisphere surfaces between $30°S and 70°S from examination ( Figure 13 ). Several small dark regions are scattered throughout this latitude range, however, and detailed examination of some of these regions suggest that some areas are similar to Type 2 [Bandfield, 2002] and other areas are similar to Type 1 [Aben, 2003; Fenton et al., 2003] .
[70] Previous authors suggested a correlation of increased Surface Type 2 abundance [Wyatt et al., 2004] and increased plagioclase and high-silica components abundance, decreased pyroxene and olivine abundance [Michalski et al., 2005b] with increasing latitude, citing previously derived mineral and surface type concentration maps Bandfield, 2002] . The proposed correlation with latitude was used to suggest that the high-silica component(s) observed with TES data are more likely to be alteration phases [Wyatt et al., 2004; Michalski et al., 2005b] .
[71] Although some portions of the southern mid-to high-latitude regions are low albedo (<0.15) and similar in spectral character and derived mineralogy to northern Acidalia ( Figure 13 ) [Bandfield, 2002; Aben, 2003; Rogers and Christensen, 2007] , the Surface Type 2/high-silica phase(s) are not as widely distributed in the southern mid to high latitudes as previously suggested [Wyatt et al., 2004; Michalski et al., 2005b] . Both of those studies did not consider that much of the southern high latitudes have an intermediate to high albedo (two thirds of surfaces exhibit albedo values >0.15) , and probably should have been excluded from interpretation, or at least, should not be compared with dark regions in the northern mid to high latitudes, such as Acidalia. As discussed in section 6.1, surface emissivity from some regions with surface albedo values as low as 0.15 may be affected by the influence of loose dust coatings. Additionally, it is not clear that derived emissivity from lower spectral contrast surfaces, even such as those found in intermediate albedo ($0.15 -0.19) regions, is reliable ( Figure 5 , section 3.3). Concentrations of Surface Type 2 Wyatt and McSween, 2002; Wyatt et al., 2004] and sheet-silicate/glass [Bandfield, 2002; Michalski et al., 2005b] in southern high latitudes commonly appear correlated with individual orbit tracks and have poor spatial coherence. The systematic use of these phases to model surface emissivity from the highest-albedo regions (section 3.3), where coarse particulates of these compositions do not exist, further lowers confidence in the derived abundance of these phases in some intermediate albedo ($0.15-0.19) regions. Finally, to date there have been no reports of concentrated phyllosilicates in these regions from OMEGA data [e.g., Poulet et al., 2005] .
[72] In summary, the relative lack of mafic minerals observed in large portions of the southern mid-to highlatitude regions [Michalski et al., 2005b] may be due to lower spectral contrast, and possibly increased dust cover, rather than increased weathering of coarse particulate igneous materials. The evidence for snowpack , ground ice [Boynton et al., 2002; Feldman et al., 2002] and extensive volatile-rich surfaces in the southern high latitudes [Malin and Edgett, 2001; Mustard et al., 2001; Milliken et al., 2003 ] suggests that secondary phases should become more abundant, and mafic minerals less abundant, in these areas [Wyatt et al., 2004; Michalski et al., 2005b] . However, it is not clear that the presence of those phases in lower spectral contrast regions can be detected and quantified with TES data using only the linear deconvolution technique. Supporting surface-atmosphere separation techniques could be used to gain confidence in the accuracy of linear deconvolution-derived surface emissivity in the lower spectral contrast regions.
Conclusions
[73] 1. There are several methods for surface-atmosphere separation, surface analysis and spatial visualization of composition that have been developed for TES data. When surface emissivity and mineralogy are the desired quantities to be determined, all of these methods should be considered, depending on the nature of the study (example: global versus local) and the nature of the surface of interest (example: coarse particulate, cemented, or dusty). The use of two or more methods, where possible, increases confidence in the derived surface emissivity.
[74] 2. Deconvolution of TES spectra with excessive levels of atmospheric water ice and dust (including levels below constraints used in some of the previous TES studies) can introduce false spectral features into the derived surface emissivity spectrum. Similarly, linear deconvolution of spectra from high-albedo surfaces (!0.20) does not always properly remove atmospheric and surface components, even if a surface dust spectrum ] is included, resulting in incorrect derived surface emissivity. The phases that are most commonly used to deconvolve these surfaces are high-silica phase(s) and feldspars.
[75] 3. Although not conclusive, results from this and previous work suggest that the surface emissivity from some intermediate-albedo surfaces ($0.15-0.19) may be influenced by thin coatings of dust that do not combine linearly with the substrate.
[76] 4. Eleven spectral shapes were found to be representative of the 29 low-albedo regions studied. The differences between these spectral shapes are subtle, however their distributions are spatially contiguous, which builds confidence that they are due to real surface variations. Regionalscale spectral variations are present within areas previously mapped as Surface Type 1 or a mixture of the two surface types, suggesting variations in mineral abundance among basaltic units. For example, Syrtis Major, which was the Surface Type 1 type locality, is distinct from the terrains that were also previously mapped as Type 1.
[77] 5. An average of shapes that are similar to Surface Type 1 produces an excellent match to Type 1 , and likewise for Surface Type 2, indicating that the original end-members are accurately representative of the average of all low-albedo regions.
[78] 6. Modeling global surface emissivity with the representative shapes of this work refines the distribution of Surface Types 1 and 2. Type 2-like surfaces (corresponding to the N. Acidalia and Solis Planum representative shapes of this work) are less extensive than previously thought, and are mostly confined to the northern lowlands. Additional high concentrations are found in the southern high latitudes and in Solis Planum, consistent with previous studies [Bandfield, 2002; Aben, 2003; Wyatt et al., 2004; Michalski et al., 2005b] . The global distributions indicate that the origin of Surface Type 2 cannot be adequately explained by a single process.
[79] 7. The differences between most of the representative surface shapes are likely due to small variations in surface mineralogy. A companion paper (Paper 2) discusses the mineralogy and geologic context associated with each spectral shape, and addresses the relative contribution of primary and secondary mineralogy to the spectral variations discussed in this work.
